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Neurodegenerative diseasesMany proteins belonging to the amyloid family share the tendency to misfold and aggregate following common
steps, and display similar neurotoxicity. In the aggregation pathway different kinds of species are formed, includ-
ing several types of oligomers and eventually mature ﬁbers. It is now suggested that the pathogenic aggregates
are not thematureﬁbrils, but the intermediate, soluble oligomers.Many kinds of aggregates have been described
to exist in a metastable state and in equilibrium with monomers. Up to now it is not clear whether a speciﬁc
structure is at the basis of the neurotoxicity. Here we characterized, starting from the early aggregation stages,
the oligomer populations formed by an amyloid protein, salmon calcitonin (sCT), chosen due to its very slow
aggregation rate. To prepare different oligomer populations and characterize them by means of photoinduced
cross-linking SDS-PAGE, Energy Filtered-Transmission Electron Microscopy (EF-TEM) and Circular Dichroism
(CD) spectroscopy, we used Size Exclusion Chromatography (SEC), a technique that does not inﬂuence the
aggregation process leaving the protein in the native state. Taking advantage of sCT low aggregation rate, we
characterized the neurotoxic potential of the SEC-separated, non-crosslinked fractions in cultured primary
hippocampal neurons, analyzing intracellular Ca2+ inﬂux and apoptotic trend. We provide evidence that native,
globular, metastable, preﬁbrillar oligomers (dimers, trimers and tetramers) were the toxic species and that low
concentrations of these aggregates in the population was sufﬁcient to render the sample neurotoxic. Monomers
and other kind of aggregates, such as annular or linear protoﬁbers and mature ﬁbers, were totally biologically
inactive.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
A number of severe neurodegenerative diseases, such as Alzheimer's,
Parkinson's and Creutzeldt–Jacob's diseases, are characterized by a
misfolding process of the involved proteins [1–4]. Generally, the native
protein requires the destabilization of its original conformation to enter
amyloid formation pathways [5]. Amyloid proteins have no similarity
in their primary, secondary or tertiary structures. However, the
misfolding process leads to a common typical aggregation behavior,
proceeding through several steps, which include the formation of low-
molecular weight oligomers (dimers, trimers, tetramers, etc.), generally
named preﬁbrillar oligomers (PFOs), followed by annular or linear
protoﬁbrils (APFs or LPFs), before they ﬁnally assume the insoluble ma-
ture ﬁber (MF) conformation, characterized by the well-known β-sheetand Health, Istituto Superiore di
39 06 4990 2981; fax: +39 06secondary structure. Up to now, it has never been ascertained if these
species represent off- or on-pathway intermediates to amyloid ﬁbrils [6].
The debate about the culprit behind amyloid neurotoxicity is still
open. For βA, the most investigated amyloid protein, during the last
two decades, a multitude of molecular assemblies have been indicated
as responsible species: monomers, SDS-stable dimers, aggregates of
56 kDa (βA*56), βA-derived diffusible ligands, LPFs, APFs and MFs [6,
7]. A point of agreement has, however, been reached: soluble oligomers
are generally considered the toxic species, while the insoluble ﬁbrillar
structure seems to be relatively non-harmful [8]. This property is
characteristic not only of disease-related proteins, but it is shared by a
wide family of proteins, including synthetic peptides [9],which suggests
that the amyloid oligomer represents a new generic kind of molecular
structure.
Many efforts have been made to clarify which is the toxic species,
among the various amyloid oligomers and if there is a direct relation-
ship between structure and cytotoxicity [10].
The results of these studies, however, have often been obtained using
proteins treated under very different conditions, and using different
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ty of amyloid proteins to spontaneously aggregate, the samples were
often non-homogeneous and, more important, the structure of the
aggregateswasmetastable, i.e. it changed during the course of the exper-
iments [8].
Up to now, it is widely accepted that the toxicity depends on shared
structural features. This is also supported by the discovery that antibod-
ies raised against βA protoﬁbrils were able to recognize protoﬁbrillar
species derived from other amyloidogenic, toxic proteins [11]. The
most suspect species are the low-molecular weight oligomers, such as
dimers, trimers, tetramers, or the ﬁrst protoﬁbrillar species, which are
all spherical in shape. These nanospheres, usually named PFOs, are the
precursor of chain-like and/or APF structures. Recently, Kayed et al.
[12] showed that the APFs of three proteins (namely, βA42, βA40 and
α-Syn) are, structurally and functionally, a distinct type of amyloid
oligomer and that only PFOs were neurotoxic.
βA is the most investigated protein in the structure–toxicity rela-
tionship of amyloid oligomers, but up to now, no systematic correlation
between different oligomeric species and neurotoxicity potential has
been reported. This is not surprising, given the complex dynamic
equilibrium displayed by βA [13,14] and the fact that the toxic species
aremetastable (modiﬁed by the experimental conditions). To overcome
this difﬁculty, Bithan and Teplow developed the Photoinduced
Crosslinking of Unmodiﬁed Proteins (PICUP) method and successfully
applied it to the study of amyloidogenic protein assembly [15]. Ono
et al. [16] recently applied in-situ chemical cross-linking to prevent βA
oligomer dissociation or growth, and were able to produce pure
oligomeric populations suitable to be investigated by biophysical and
biological methods. They demonstrated that the toxicity of dimers,
trimers and tetramers was 3-, 8- and 13-fold higher than that of mono-
mers, respectively. To obtain this result, they were obliged to stop the
fast and spontaneousβA aggregation process, by inducing the formation
of covalent bonds by PICUP. However, it is unknown whether this
change affected the molecular mechanisms of neurotoxicity.
Salmon calcitonin (sCT) is an amyloid protein with very slow aggre-
gation dynamics. This feature has made sCT very appealing from a
pharmacological point of view, since fast aggregation – as exhibited by
calcitonins from other species – reduces the efﬁcacy of the hormone,
when used in the treatment of osteoporosis. It is also very convenient
for investigating the early stages of aggregation of amyloid proteins
without the necessity of crosslinking procedures, preserving in this
way the native status of the amyloid assemblies.
In previous papers, we used unfractionated sCT oligomers to investi-
gate the amyloid structure — toxicity relationship, focusing our atten-
tion on the lipid composition of the membrane of target cells [17–19].
Here, we prepared sCT fractions enriched in different sCT oligomeric
species by Size Exclusion Chromatography (SEC), which has been pro-
posed as the technique of choice for preparing βΑ aggregates of deﬁned
size distribution and morphology [6] and extensively studied, from a
theoretical and experimental point of view, in the resolution ofmixtures
of protein aggregates produced in the generation of amyloid ﬁbrils [20].
More than othermethods, it does not affect the aggregation process as it
is performed in an aqueous medium, allowing preserving the native
conﬁguration of the proteins [21]. Furthermore, with SEC it is possible
to reduce the slow aggregation process of sCT by carrying out the exper-
iments at low temperature (4 °C) and in the same buffer conditions of
the loaded samples. The obtained fractions were then characterized by
the combined application of SDS-PAGE, Energy Filtered-Transmission
ElectronMicroscopy (EF-TEM) and Circular Dichroism (CD) spectrosco-
py and tested on primary neuronal hippocampal cultures, to study
neurotoxicity in terms of increased apoptosis and Ca2+ inﬂux [22,23].
Our results clearly show that dimers, trimers and tetramerswere the
neurotoxic species. Noticeably, we found that it was sufﬁcient for the
presence of few metastable dimes, trimers and tetramers, of globular
shape and mainly in Random Coil (RC) conﬁguration, to make the
sample neurotoxic.2. Materials and methods
2.1. Preparation of aggregated sCT
Lyophilized sCT (European Pharmacopoeia, EDQM, France) was
stored at −18 °C before use. Unfractionated sCT 1 mM solution was
prepared by dissolving the protein in 5 mM, 75 mM phosphate buffer
(PB) solutions, and in 160mMsolution (PBwith NaCl), pH 7.4 and incu-
bated at room temperature for 3 h to promote the aggregation process.
sCT was also diluted in deionized water immediately before use, as
suggested by Wang for bovine CT, at the same concentration [24]. A
solution of 0.2 mM sCT was also prepared. These solutions were loaded
in the SEC columns.
2.2. Size-exclusion chromatography (SEC)
SEC was carried out on a sephadex G75 or G50 column (GE HEALTH
CARE, Milano, Italy), 500 mmhigh × 20mm in diameter, maintained at
4 °C and equilibrated in distilled water or in 5 mM, 75 mM phosphate
buffer (PB) solutions, and in 160 mM solution (PB plus NaCl), pH 7.4,
at aﬂow rate of 0.13 mL/min. The G75 columnwas calibrated by loading
a mixture of 1.0 mg ferritin, 0.5 mg albumin and 1.0 mg cytochrome C
(Combithek Boehringer, Mannheim, Germany), dissolved in 0.5 ml
distilled water or 5 mM solution (PB), pH 7.4 and centrifuged at
15,700 g × 10 min. For G50 column calibration, the standard proteins
used were somatostatin, aprotinin and cytochrome c. Aliquots of
1mMsCT (0.5ml, with or without 3 h of incubation at RT)were applied
onto the column and elution was monitored by absorption at 280 nm
by a variable wavelength UV detector (BIO-RAD Econo UV monitor,
Hercules, CA). Fractions were collected by a Gilson FC 203B at 1.4 mL/
fraction and analyzed by electron microscopy and circular dichroism
and used in the biological tests. The concentrations of the fractions
used in the biological tests, not adjusted before treatments, were
about 8 μM.
2.3. Photo-induced cross-linking of unmodiﬁed proteins (PICUP)
Samples of sCT dissolved in water or in 5 mM solution (PB), pH 7.4
and samples from the fractions separated by SEC were treated for
PICUP [25]. Brieﬂy, 18 μl of each sample (ﬁnal concentration 80 μM)
was cross-linked using 1 μl of 1 mM solution of RuBpy (Tris (2,2
bipyridyl) dichlororuthenium (II) hexahydrate), and 1 μl of 20 mM am-
monium persulfate (SIGMA). Cross-link reaction was performed into
clear, thin-walled, 0.2 ml polymerase chain reaction tubes. The tubes
were placed in a dark room into borosilicate glass tubes as support
and irradiated for 2 swith a 100Wwhite lamp. The reactionwas quickly
quenched by adding 20 μl of reducing tricine/SDS-PAGE sample buffer
containing 5% β-MeOH and boiled for 5 min. Samples were then
analyzed by tricine/SDS-PAGE.
2.4. SDS-PAGE and MALDI-TOF analysis
sCT samples were analyzed by tricine (BIO-RAD, Hercules, CA, USA)/
SDS-PAGE (70 × 80 × 1.5 mm mini gel), using 10% Acrylamide/Bis
(32:1) (ICN Biomedicals, Inc., Aurora, Ohio USA)/(Fluka, Buchs, CH)
solution as separating gel, 6.5% Acrylamide/Bis solution as spacer gel
and 2.5% Acrylamide/Bis solution as stacking gel. Gels were stained by
silver procedure. For protein identiﬁcation, bands of interest were ex-
cised from silver-stained SDS-PAGE gels, and in gel digested overnight
with bovine trypsin. One μl of the supernatant of the digestion was
used for MALDI-time of ﬂight mass spectrometer (TOF MS) analysis,
using α-cyano-4-hydroxycinnamic acid as matrix. All analyses were
performed using a Voyager-DE STR (Applied Biosystems, Framingham,
MA, USA) TOF MS operated in the delayed extraction mode. Peptides
were measured in the mass range from 750 to 4000 Da; all spectra
were internally calibrated and processed via theData Explorer software.
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Negative staining was obtained using a phosphotungstic acid (PTA)
2% w/v solution, brought to pH 7.3 with NaOH. To avoid salt precipita-
tion from PTA and/or NaOH, which can be misread as actual structures,
the staining solution was ﬁltered before each preparation through
polycarbonate 0.2 μm-pore ﬁlters. A droplet of solution from PICUP-
untreated, SEC fractions was deposited onto 400-mesh copper grids
for electron microscopy and covered with a thin amorphous carbon
ﬁlm (about 20 nm).When the grid was dry, a droplet of PTAwas depos-
ited and let dry. The samples were studied with a Zeiss 902 Transmis-
sion Electron Microscope, operating at 80 kV, equipped with an
electron energy loss ﬁlter. In order to enhance the contrast, the micro-
scope was used in the Electron Spectroscopy Imaging mode ﬁltering at
ΔE = 0 eV [26]. Images were acquired by a digital HSC2 CCD camera,
1 k × 1 k pixels (Proscan Gmbh, Germany) and thermostatted by a
Peltier coolermodelWKL230 (LAUDAGmbh,Germany). Image analysis
and quantiﬁcation was performed by the digital image analyzer analy-
SIS 3.0 (SIS Gmbh, Germany). With this software it is possible to en-
hance the contrast and sharpness of the acquired images and perform
morphological quantiﬁcation and statistics. The dimensional measure-
ments were done after a careful magniﬁcation calibration of the whole
imaging system on the basis of reference standards.
2.6. Circular dichroism (CD) measurements
Sample of PICUP-untreated, sCT SEC fractions were analyzed by CD
measurements performed on a Jasco J-715 spectropolarimeter (JASCO
Corporation, Japan) in the far-UV region (260–190 nm). All spectra,
mean of 4 different scans, were blank subtracted. Quartz cells of 0.1
and 0.5 cm pathlength were employed. The spectral resolution was
0.5 nm and the speed scan 50 nm/min. All CD spectra were reported
asΔε= [Θ]/3300, where [Θ] is equal to (θ× 100) / (l × C) (θ is themea-
sured ellipticity, C is the molar amino acidic concentration and l is the
pathlength in cm). CD spectra were quantitatively analyzed by a ﬁtting
procedure performed by the CDSSTR software available at the website
of the Birkbeck College of the University of London [27,28]. CD spectra
were acquired on protein fractions after SEC separation.
2.7. Hippocampal cell cultures
Primary hippocampal neurons were prepared from embryonic day-
18 rat brain, according to themethod of Brewer et al. [29], slightly mod-
iﬁed [30]. All experimental procedures were in line with the “Ethical
principles and guidelines for scientiﬁc experiments on animals” of the
Swiss Academy of Medical Sciences and national laws. After dissection,
the hippocampi were treated with 2.5% trypsin and dissociated. The
cells were plated in 24-well plates, containing poly-L-lysine-treated
glass coverslips, in Minimum Essential Medium (MEM), containing
10% heat-inactivated fetal calf serum. After 2 h, the cell culture medium
was substituted with Neurobasal mediumwith B27 supplement (NBM/
B27, Invitrogen, Italy), 700 μl per well. At day-in-vitro (DIV) 1, 5 μM
arabinosylcytosine was added. Neuronal cell cultures contained less
than 1% of astrocytes, as shown by glial ﬁbrillary acidic protein staining
(data not shown). Hippocampal neurons were used at 14 DIV (mature
neurons).
2.8. Single cell assay for ([Ca2+]i) recording
For evaluation of intracellular Ca2+, sample from different PICUP-
untreated, sCTs fractions, were given directly to the wells on themicro-
scope stage, after 10min recording. Optical ﬂuorimetric recordingswith
Fura-2AMwere used to evaluate the intracellular calcium concentration
([Ca2+]i). Fura-2AM stock solutions were obtained by adding 50 μg of
Fura-2AM to 50 μl of 75% DMSO plus 25% pluronic acid. Cells were
bathed for 60 min at room temperature with 5 μl of stock solutiondiluted in 1 ml of NBM/B27, for a ﬁnal Fura concentration of 5 μM.
This solution was then removed and replaced with extracellular solu-
tion and the dishes were quickly placed on the microscope stage. To
measure ﬂuorescence changes, a computerized analysis system was
used (ImagEM; Hamamatsu Photonics, Hamamatsu, Japan). In each
experiment, the ratio between the values of light intensity at 340 and
380 nm stimulation (F340/380) was recorded every 6 s [31].
2.9. Apoptosis
For apoptosis detection and immunolabeling, 300 μl of cell culture
medium from each coverslip-containing well was removed and kept
in the incubator (conditioned medium). The hippocampal neurons
were treated with different PICUP-untreated, sCTs fractions for
20 min. The cell culture medium was then removed and substituted
with the conditioned medium. After 24 h, the cells were ﬁxed in 4%
paraformaldeyde in phosphate buffered-saline (PBS), 12 M in sucrose,
pH 7.4, rinsed in PBS, stained with Hoechst 33258 and observed at a
Nikon ﬂuorescence microscope. Non-apoptotic cells exhibit a diffuse
nuclear ﬂuorescence, while apoptotic nuclei appear fragmented or
highly condensed. Counts of normal and apoptotic cells were done on
randomly chosen microscopic ﬁelds for a total of at least 200 cells for
each coverslip. Two coverslips were scored for each condition. The
values obtained for each coverslip were averaged to produce a single
mean value for each experiment.
2.10. Statistical analysis
Apoptosis data analysis was performed by the PRISM software
package. In particular, one-way ANOVA test and Dunnet post-test of
the all groups against the control group were performed with a level
of conﬁdence of 95%.
3. Results and discussion
3.1. Sample preparation
SEC columns were used to obtain samples enrichedwith aggregated
sCT species, spontaneously formed in the loaded unfractionated sam-
ples. We used a G75 column, equilibrated and calibrated at the same
ionic strengths of the loaded samples, with the aim to separate the dif-
ferent aggregates in a wide-size range and not to accurately determine
their molecular weights. To better investigate the molecular weights
of the small-size aggregates, a G50 column, accurately calibrated, was
used.
Fig. 1A, B and C show the SEC proﬁles of sCT samples incubated in
buffered solutions with decreasing salt concentrations (160 mM,
75 mM and 5 mM) and Fig. 1D shows the SEC proﬁle of an sCT sample
quickly dissolved in water, without incubation. Based on the character-
ization described below, performed by EF-TEM and CD experiments,
four kinds of peaks can be identiﬁed and labeled: the PFO-peak, in the
lowest size range (less than Vc) (Fig. 1A, B, C); the APF and LPF peaks,
in the intermediate size range (around Vc) (Fig. 1C, D); the MF peak,
in the highest size range (Fig. 1A).
Fig. 1 shows that the PFO peak width is directly correlated to the
ionic strength of the solution. There are no peaks of APFs or LPFs in
panels A and B, since the high saline concentrations induce the forma-
tion of a unique, broad peak. This conﬁrms that, as already proposed
[6], the protein aggregation is triggered by salt concentration. A clear
tendency to form aggregates can be observed at high saline concentra-
tion (160 mM), where an important MF peak, located at high exclusion
size, appeared (Fig. 1A). Interestingly, this peak is located at volumes
bV0. This strange phenomenon can be explained on the basis of a recent
paper where an equilibrium partition model for SEC is presented. Brief-
ly, in this model the amyloid aggregate morphology plays a crucial role
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after a standard column calibration [20].
In the intermediate saline condition (75 mM), only a small MF peak
was observed, always located at volume bV0, together with two other
small peaks in the central area (Fig. 1B). The lower saline concentration
reduces both the protein aggregation and the peakwidths, allowing the
visualization of ﬁbril peaks.
In the lowest saline condition (5mM), theMF peak deﬁnitely disap-
peared and an intense and narrow LPF peak appeared on the left side of
the main PFO peak (Fig. 1C). In this saline condition, we are in the early
stages of ﬁbril aggregation and the peak width was small enough to
separate the two species.
In pure distilled water (Fig. 1D), we only observed a peak located at
about 10,000 Da of width comparable to that obtained in the lowest
saline condition.
Peaks on the right of themain PFO peak were never observed, prob-
ably because of the low resolution and size-cut of the G75 column and
the low effectiveness of the G75 column in this range. Moreover, the
equilibrium partition model proposed by Hall and Huang [20] suggests
that, in the case of amyloid aggregates separated by SEC, the actual
molecular weights are apparent only if determined after the standard
calibration. This can explain why MFs can elute faster than the void
volume or trimers and tetramers together with dimers and monomers
or APFs close to Vc.
Finally, we observed that all species formed under the different
saline conditions were present at the same time. On the basis on this
consideration, we speculate that all species of the sCT aggregates were
ﬁnal off-pathway products, independently derived from monomeric
sCT under the different conditions.Fig. 1. The G75 column, suitable to investigate a wide molecular size range, was used. On
the basis of the results of EF-TEM characterization (see below), the peaks occurred in the
small size range and in all conditions and can be attributed to PFOs. Structures referable to
APFs and LPFs could also be identiﬁed. High ionic strength (A) favors ﬁber formation, as
indicated by the MFs peak. V0 and Vc were the void and cytochrome-C elution volumes,
respectively.3.2. Sample characterization
To study aggregate size, morphology and folding, fractions represen-
tative of the detectable peaks were investigated. EF-TEM and CD spec-
troscopy were applied to PICUP-untreated fractions while PICUP was
performed before the denaturating SDS-PAGE experiments. PICUP is a
cross-linking method that i) requires short exposure of proteins to
non-destructive visible light, ii) does not needmodiﬁcation of the native
sequence, and iii) is efﬁcient within wide pH and temperature ranges,
including physiologic ones.
3.2.1. The PFO-peak
The results reported in Fig. 1 show the existence, at all the studied
ionic strengths, of a main peak located in the lowest size-range (bVc).
This peak could be attributed, on the basis of the evaluation of the mo-
lecular weights obtained by SEC and SDS-PAGE, to a mixed population
of PFOs.
All the bands were enzymatically digested by trypsin and analyzed
by MALDI-MS. All bands contained only sCT (data not shown). PICUP
followed by SDS-PAGE clearly shows the occurrence of monomers, di-
mers and an unresolved signal corresponding to trimers and tetramers
(Fig. 2A, lane 1). This observation demonstrates that by the use of G75
columns, a separation of pure oligomer populations could not be obtain-
ed and that various species were simultaneously present in the sample,
giving rise to the observed broad peak, located around 6800 Da. SDS-
PAGE indicates that only the crosslinking (lane 1) enables dimer, trimer
and tetramer visualization. When uncrosslinked, monomers and few
dimers were present in the same sample (lane 2) as well as in the
crosslinked, unfractionated and non-incubated sCT sample in water
(lane 3).Fig. 2. Silver-stained polyacrylamide gels showing uncross-linked and photo-cross-linked
sCT electrophoresis results. (A) Representative fraction of the G75 column (see Fig. 1A):
cross-linked PFO peak (lane 1); uncross-linked PFO peak (lane 2); cross-linked,
unfractionated and non-incubated sCT in water (lane 3). (B) Representative fraction of
the G50 column: cross-linked PFO peak (lane 1); uncross-linked PFO peak (lane 2);
cross-linked, unfractionated and non-incubated sCT in water (lane 3). Trimers and tetra-
mers are well resolved in lane 1. Molecular weigh standards in kDA are indicated on the
right side.
Fig. 3. (A) Representative image of PFOs obtained by negative staining and EF-TEM (arrow
highlights a well-stained PFO). The sample was relative to the highest (160 mM) ionic
strength. Magniﬁcations of isolated PFOs are reported in the inset and the mean diameter
measured on84 particleswas 9.1±3.7 nm. (B) CDspectra (full line) togetherwith thenu-
mericalﬁtting (dashed line) and the obtained structure percentages indicate that the PFOs
dominant structure was RC.
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gregates that need to be stabilized by PICUP to be identiﬁed. Conversely,
monomers and few dimers were always detectable and higher molecu-
lar weight oligomers, like pentamers and so on, were totally absent.
To better investigate the occurrence of low-molecular weight aggre-
gates, we loaded in a G50 column (5 mM PB), accurately calibrated for
the molecular weight determination, an sCT sample (1 mM) incubated
for 3 h in PB. In good agreement with the results obtained with the
G75 column, we found the main PFO peak. However, we were able to
determine that this peak is located at 6800 Da. We also observed that
the LPF-peak obtained with the G75 column was located at molecular
weight higher than 13,000Da (19,000 Da) although strongly attenuated
(supplementary data S1).
In Fig. 2B, we report the SDS-PAGE results regarding the crosslinked
PFO peak of the G50 column (lane 1), togetherwith the results obtained
with the same sample but uncrosslinked and unfractionated (lane 2)
and with a crosslinked, unfractionated and non-incubated sCT sample
in water (lane 3). We note that, as in the G75 column of Fig. 2A, mono-
mers, dimers, trimers and tetramers coexist. Considering that the same
sample was loaded on G75 and G50 columns, we conclude that the
highest resolution of the G50 allowed the discrimination between
trimers and tetramers (Fig. 2B, lane 1), not observed in the case of
G75. As in the case of the G75 column, the signal was weak for dimers
and totally disappeared for trimers and tetramerswhen the crosslinking
was not applied (Fig. 1A, lane 2). Again, this strongly supports the con-
clusion that PFOs, unlike monomers, were metastable aggregates that
can be visualized only after PICUP that exist in the sample and may
play an important biological action.
It is worth noting that few dimers were present even in the cross-
linked, unfractionated sample in water (lane 3). We interpret this
observation considering that, although slowly, sCT aggregation does
take place even in water, in line with the amyloid nature of the protein.
We conclude that the samples obtained by SEC were composed of a
mixed population ofmetastable dimers, trimers and tetramers, coexisting
with stable monomers.
To structurally investigate the nature of the PFO peak, both EF-TEM
and CD spectroscopy measurements were performed on the more
representative PICUP-untreated fractions of this peak. Micrographs
show the predominance of globules of 9.1 ± 3.7 nm mean diameter
(Fig. 3A), while CD spectroscopy results (Fig. 3B) indicate that sCT was
mainly (72%) conformed as random coil (RC). A small percentage of α
and β structures were also present. Considering that, as reported by
Ono's TEM direct observations [16], βA monomers and dimers are less
than 2 nm in size, we interpret the images of Fig. 3A as the direct visu-
alization of sCT metastable amyloid trimers and tetramers, evaluated
to be 8- and 13-fold more toxic than the stable monomer, respectively
[16].Monomers and dimerswere smaller (of about 1.5 nm) anddifﬁcult
to visualize.
Finally, for what concerns the protein folding, our samples show
mostly (72%) the RC conﬁguration. This is in agreement with Ono's CD
results concerning βA dimes, trimers and tetramers, which mainly
showed RC CD spectra. In our case, the RC conformation is further
enhanced by the coexistence of metastable PFOs with the stable RC
monomers.
3.2.2. The APF-peak
We observed only a narrow peak located around Vc in the sample
where sCT was dissolved in water (Fig. 1D). The nature of this peak
appears completely different from the other peaks observed in the pres-
ence of salt. In fact, EF-TEM revealed the dominance of a new structure
denominated APFs, of about 12 nm in diameter (Fig. 4A), previously
described in literature for many other amyloid proteins. CD results
showed that sCT was in RC conformation (Fig. 4B). Like in the presence
of salt, we did not observe any monomer peak, probably because of the
size-cut of the G75 column and the low effectiveness of the column in
this range.APFs have been described as “amyloid-pores” due to their character-
istic structure, such as those formed by βA pathogenic mutations and
supposed to be at the basis of the neurotoxicity in several important dis-
eases [32]. Several disease-related amyloid proteins form them, and it
has been hypothesized that they are the common toxic species respon-
sible for diseases [10]. However, recently Kayed clariﬁed that APFs
formed by βA40, βA42 andα-Synuclein are a structurally and function-
ally distinct type of oligomers and showed that, unlike PFOs, they were
not able to permeabilize lipid bilayers. In neurotoxicity experiments
PFOs, but not APFs, were neurotoxic. Finally, Kayed's CD results showed
that the βA APFs were in the β conformation, typical of amyloid ﬁbers
[12].
Our data reported here, regarding sCT APFs, are in agreement with
Kayed's morphological results, but wholly differ as for conformational
results. Our data strongly indicate that sCT APFswere 73% in the RC con-
formation (Fig. 4B). Interestingly, it can be noted that there is a strong
discrepancy between size and apparent molecular weight of this aggre-
gate, because it is well known that the globular cytochrome C has a ra-
dius b2 nm, while we observed objects of 12 nm. This can be explained
on the basis of equilibriumpartitionmodel proposed byHall andHuang,
where the morphology plays a crucial role in determining the elution
volume [20].
3.2.3. The LPF-peak
In the 5 mM ionic strength G75 column, we were able to separate a
narrow peak on the left portion of the main PFO peak (Fig. 1C). EF-TEM
Fig. 4. (A) Representative images of APFs obtained by negative staining at EF-TEM.
The sample was relative to sCT in water (Fig. 1D). Insets show higher magniﬁcations
(top inset of 91 × 91 nm; bottom inset of 28 × 28 nm) of single APFs. The mean diameter
measured on 32 APFs was 12.4 ± 2.2 nm. (B) CD spectra (full line) together with the
numerical ﬁtting (dashed line) and the obtained structure percentages indicate that the
APF dominant structure was RC.
Fig. 5. (A) Representative image of very small LPFs obtained by negative staining and EF-
TEM. The sample was relative to the lowest (5mM) ionic strength. The LPFs mean length,
measured on 77 particles, was 26.8 ± 8.3 nm. (B) CD spectrum (full line), together with
the numerical ﬁtting (dashed line) and the obtained structure percentages, indicates
that a mixture of β and RC structures was present.
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(b30 nm) LPFs (Fig. 5A). Noteworthy, the initialﬁber formation induced
a strong protein conformation change and CD data indicated that sCT
was in a mix of β (38%) and RC (59%) conﬁguration (Fig. 5B). This sam-
ple can be considered enriched with LPFs. Even in this case, the elution
volume was too close to Vc to be regarded as a reliable estimate of the
actual aggregate molecular weight. As before, this is a conﬁrmation of
the partition model proposed for SEC [20].3.2.4. The MF peak
The tendency to aggregate in high saline conditions was suggested
by the existence, in Fig. 1A, of an important secondary SEC peak located
at high exclusion sizes at elution volume bVo. EF-TEM images revealed
the presence of many typical amyloid MFs, characterized by length up
to 1000nm(Fig. 6A) and by thedominance of thewell-knownβ−sheet
conformation (82%) (Fig. 6B). As observed before, the unusual peak
location can be explained on the basis that the equilibrium partition
model developed for amyloid aggregates, where the ﬁber morphology
alters the elution volumes expected after a standards columncalibration
[20].
In the intermediate saline condition (75 mM ionic strength, Fig. 1B),
the MF peak was strongly attenuated and, given the very low protein
concentration, CD results were difﬁcult to interpret. However, a small,
non-random signal (α and β structures) was detected (data not
shown).3.3. Biological effects
To investigate whether the molecular mechanism at the basis of the
biological damage was related to neuron membrane permeabilization
due to the formation of amyloid-channels, in our previous paper we
analyzed the increase in Ca2+-inﬂux and the neurotoxic effect induced
in mature primary neurons by unfractionated samples of sCT at a ﬁnal
concentration of 80 μM. Unfractionated samples were obtained after a
preincubation in 5 mM solution (PB) at room temperature for 3 h at
an sCT concentration of 1 mM [19].
Here we performed the same biological experiments to test sCT-
fractionated samples obtained by SEC.We did not apply any crosslinking
procedure before the biological tests andPICUPwas used only to stabilize
the sample before denaturating SDS-PAGE experiments. Fractions were
collected without adjustment at a concentration of about 8 μM, that is
1/10 of the ﬁnal concentration of the unfractionated samples used in
our previous experiments.
Ca2+ inﬂux experiments were performed with the SEC fractions
characterized as before and results are reported in Fig. 7. We found
that only populations enriched with native and metastable PFOs were
able to induce a strong and immediate Ca2+-inﬂux inmature hippocam-
pal neurons. Noteworthy, this effect was of the same order of magnitude
as that observed in our previous paper, obtained with unfractionated
samples, which were 10 times more concentrated [19].
It is important to note that Ca2+-inﬂuxwas observed only in samples
rich in metastable dimers, trimers and tetramers, for both low and high
saline conditions (Fig. 1A, C) and that in all other cases, no effects were
Fig. 6. (A) Representative image of a MF, obtained by negative staining and EF-TEM. The
sample was relative to the peak close to the void volume, in the high (160 mM) ionic
strength column. (B) CD spectra (full line) together with the numerical ﬁtting (dashed
line) and the obtained structure percentages indicate that, as expected, the dominant
conformation was the β structure.
Fig. 7. Ca2+-inﬂux in primary hippocampal neurons, treated with SEC fractions enriched
with different sCT aggregates. Optical ﬂuorimetric recordings with Fura-2AM were used
to evaluate the intracellular calcium concentration ([Ca2+]i). sCT fractions were given di-
rectly to the wells on the microscope stage, after 10 min recording. Only populations
enriched with PFOs, at all ionic strength, were able to instantly increase the Ca2+-inﬂux.
Fig. 8. Neurotoxicity results relative to the studied SEC fractions enriched with different
sCT aggregates in primary mature hippocampal neurons. Only populations enriched in
PFOs, at all ionic strengths, were biologically active. Apoptosis was measured as percent-
age of total cells. The bars represent means + SEM from four different experiments in
duplicate. *p b 00.5 with respect to the control.
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induced no effect, as in the case of unfractionated and non-incubated
sCT in water.
Neurotoxicity experiments were performed with sCT SEC fractions
characterized as before, and results are reported in Fig. 8. We observed
biological effects only in the case of neurons treatedwith samples rich in
metastable PFOs.
This result is in good agreement with the well-established concept
that ﬁbers and protoﬁbers, even when characterized by different non-
random conﬁgurations, are not biologically active. This is also in agree-
mentwith Kayed'smore recent results [12] describing the neurotoxicity
of PFOs versus the ineffective biological action of βA APFs.
Finally, we note that in our experiments many stable monomers
and few dimers occurring in water were not able to induce any
neurotoxicity.
The effects induced by samples rich in PFOs were small but statisti-
callymeaningful, likely due to the coexistence of metastable neurotoxic
PFOs and inactive monomers. The sCT aggregates that induced a rapid
Ca2+-inﬂux in hippocampal neuronswere also able to increase apopto-
sis at 24 h. It should be highlighted, in this regard, that, although
apoptosis was recorded after 24 h, PFO exposure lasted only 20 min.
We hypothesize that the brief treatmentwith PFOs, inducing a rapid
Ca2+ inﬂux, triggers the apoptotic pathway, supporting the “amyloid-
channel” hypothesis, which suggests that neurotoxicity is induced by
the permeabilization of the neuronal membrane [33] by metastable
PFOs. It is worth emphasizing that, using concentrations of about 8 μMof PFO-enriched populations, we were able to induce biological effects
comparable to those induced by unfractionated samples at the concen-
tration of 80 μM in our previous work. Finally, we note that, evaluating
the concentration of the active species in number and not in weight, a
smaller concentration for trimers and tetramers (1/3 and 1/4, respec-
tively) would be required to obtain a neurotoxic effect.
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Our data strongly suggest that native andmetastable sCT PFOs, com-
posed of dimers, trimers and tetramers, are the only neurotoxic species
among the various amyloid sCT aggregates formed in saline solution as
ﬁnal off-pathway products, independently derived from monomeric
sCT [6]. In fact, samples containing these metastable structures, even
as a minority, were able to induce strong Ca2+ inﬂux and apoptosis in
mature primary neurons. Conversely, samples mainly made of stable
monomers, as in non-incubated and unfractionated sCT in water, were
totally ineffective (under the statistical test sensitivity).
Metastable sCT PFOs are very similar to oligomers described in
literature for several other amyloid proteins, disease-related or not. In
particular, Ono et al. determined the degree of toxicity of dimers, tri-
mers and tetramers of βA, showing that they were 3-, 8- and 13-fold
more toxic than the monomer. Furthermore, in the same paper, Ono
et al. reported electron microscopy and CD results relative to pure
populations of βA oligomers. They showed that trimers and tetramers
were around 10 nm in diameter, while monomers and dimers were
around 1.5 nm and that the majority of the protein conformation
(more than 55%) was RC even in the tetrameric aggregate [16]. Notice-
ably, all Ono's results were obtained after PICUP treatment to stabilize
the protein aggregation.
Our results on the neurotoxicity of sCT, another amyloid protein and
obtained without PICUP, can bewell interpreted on the basis of the tox-
icity mechanisms hypothesized for βA aggregates. This observation
strongly supports the hypothesis of a common neurotoxicity mecha-
nism for the amyloid proteins [33]. Moreover, our images of globules
of about 9 nm diameter can be considered as the direct visualization
of native, toxic and metastable trimers and tetramers. For what con-
cerns the protein conformation, the coexistence in our populations of
the toxic PFOs with biologically inactive monomers can well explain
the more evident RC conformation.
We established that sCT, in our incubation conditions, was unable to
create other biologically active, low-molecular-weight aggregates like
pentamers and so on. A small number of native, metastable PFOs of
low molecular weight was sufﬁcient to render the sample neurotoxic
and the early assembly of sCT in APFs or LPFs completely inhibited the
biological effects induced onmature neurons through amembrane per-
meabilization mechanism that could be common to the amyloid family
[33].
As for the morphological and structural characterization of the
amyloid active aggregate, our results can address further studies in-
silico, in synthetic systems, in-vitro and in-vivo to design new therapeu-
tic strategies or to discourage a possibly dangerous therapeutic use of
such molecules [34].
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